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Ihe best known liquid-phase 
membrane processes are reverse 
osmosis (RO). ultrafiltration 
(UF), microfiltrat'ion (MF). dialy- 
sis, and electrodialysis (ED). However, 
over the past few years, a new membrane 
process called nanofiltration (NF) has 
emerged that promises to significantly 
widen the application of membranes in 
liquid-phase separations. 

NF operating range 

NF falls in between RO and UF in its 

separation characteristics (Figure 1). For 
example, RO membranes reject both sug- 
ars and salts, while UF types freely pass 
both solutes. NF membranes, on the other 
hand, retain sugars and certain multiva- 
lent salts (e.g., MgS04), but pass substan- 
tial amounts of most monovalent salts 
(e,g., NaQ). 

Since low-molecular-weight salts 
are the ones mainly permeating the 
membrane, the osmotic pressure differ- 
ence is much less than for an RO mem- 
brane. Thus, NF membranes require 
lower pressures {e.g., 1.4 MPay200 psi) 
than R0> which require pressures 
above 4 MPa (600 psig). 

Although "leaky" RO membranes, 
made fi*om cellulose acetate and yield- 
ing 10-80% salt rejections, have been 
available commercially for several 
years, it was not until thin-film com- 
posite NF membranes were developed 
that NF became a viable unit operation. 
Today, loose RO, low-pressure RO and 
ultra-osmosis membranes are all NF 
membranes. Some membranes desig- 



nated as charged RO/UF also show 
similar properties and are classified 
here as NF membranes. 

Membrane properties 

Most NF membranes are multiple-layer 
thiti-film composites of polymers. The 
active membrane layer usually consists of 
negatively charged chemical gi'oups. NF 
membranes are belieyed to be porous with 
an average pore diameter of 2 nm. As a 
general rule, the nominal molecular weight 
cutoff ranges from 100-200 (Figure 2). 

Salt rejection by NF membranes is 
mainly due to electrostatic interaction 
between the ions and the membrane. On 
the other hand, rejection of neutral 
species is by size, as in the rejection of 
sugars (glucose, sucrose, lactose), with 
typical rates of 90-98%. Properties and 
performance characteristics of some com- 
mercially available NF membranes are 
listed in Table 1. 

NF membranes also show selectivity 
based on charge density of the ion. For 
ion-selective membranes with solutions 
containing different free ions, an 
unequal distribution of ions results 
across the membrane (transport rates 
change as ion concentrations change). 
This is known as the Donnan effect. For 
example, if the solution contains 
Na2S04 and NaCl, and the membrane 
preferentially rejects S04^ ions over CI*, 
the rejection of CI- decreases as the 
concentration of Na2S04 increases. To 
maintain electroneutrality. the Na+ also 
permeates the membrane. At high SO4-2 
concentrations, rejections can even be 
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Table 1. Properties and performance characteristics of some commercially available NF membranes. 
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negative. Thus, the concentration of 
a sale can be above that in the feed. 

Since most NF membranes con- 
tain negatively charged hydrophilic 
groups attached to a hydrophobic 
UF support membrane, they have 
higher water fluxes than do RO 
membranes. This is due to the favor- 
able orientation of water dipoles. 
Due to the surface active groups, 
they also have improved fouling 
resistance against hydrophobic col- 
loids, oils, proteins, and other organ- 
ics. This makes NF competidve with 
RO in high-fouling applications 
such as dye concentration 
and paper-waste treatment. 

However, solutes with a 
charge opposite to that of 
the membrane interact with 
it, causing fouling. NF 
membranes are best in 
applications that reject 
uncharged molecules due to 
size exclusion and charged 
components due to electi'o- 
staiic interaction. To illus- 
trate the effectiveness of 
NF, some commercial appli- 
cations are presented. 



85-95% of the hardness and over 
70% of the monovalent ions (7). 

With its lower operating pressure, 
NF has lower operating costs and 
allows for some savings in pumps and 
piping, compared with RO. The pres- 
surized water passes through energy- 
recovery turbines having an efficien- 
cy of 0.7, cutting energy consumption 
by 13% under that of an equivalent 
RO plant (2,3). Operation and mainte- 
nance costs are almost the same. 
However, the higher cost of NF mem- 
branes has so far offset these cost 
advantages. 




pump 



Product 
water 



Chlorine 
treatment 



Decarbonator 



Demineralizing water 

To date, the largest application of 
NF membranes is removing hard- 
ness and dissolved organics from 
water. Water hardness is caused by 
sulfate and bicarbonate salts of cal- 
cium and magnesium. Figure 3 
shows a typical process for NF soft- 
ening. Since the membranes are 
fouled by silicates, manganese, and 
iron, the feed water is usually pre- 
treated by acid to precipitate these 
dissolved salts, which are trapped 
by a cartridge filter. 

The water is then sent to the first of 
two NF stages. The permeates from 
Stages I and 2 are the purified water 
streams. The retentate from Stage 2, 
containing most of the sulfates and 
bicarbonates, is discarded. The per- 
meate streams can be further treated 
with chlorine to produce potable 
water. When operated at 0.5-0.7 MPa 
(70-100 psi), NF membranes reject 



ftaject Water 



■ Figure 3, Waier softening remains the 
largest use for NF plant. Adapudjhm ay 

Cleaning up 

contaminated groundwater 

Groundwater is often contaminat- 
ed with organics from industiial efflu- 
ents and agricultural runoff. In combi- 
nation with chlorine, these organic 
contaminants form trthalomethanes 
(THMs) which are believed to be car- 
cinogenic. NF membranes effectively 
remove these organics (^-6). In Palm 
Beach County. FL, NF membranes 
removed 97% of the total organic 
halogens and over 90% of total organ- 
ic carbon (TOC) in potable water. 

A study proved that a combina- 
tion of slow sand filtration and NF 
is effective for secondary treated 
wastewater (7), The. slow sand fil- 
ter pretrealment reduces organic 
scaling on the NF membrane, while 



the NF membrane reduces salinity 
and hardness nitrates, heavy metals 
and other pollutants, color levels, 
and large amounts of dissolved 
organics. Simultaneously. THM 
formation is reduced; In this study, 
NF proved more energy-efficient 
than RO. 

Ultrapure water 

Ultrapure water is required in the 
electronics and semiconductor indus- 
tries, in biotechnology, and in some 
medical applications. The water 
should be free of particles, debris of 
dead bacterial cells, and 
have a TOC of less than 5 
ppb. Ion exchange can only 
achieve about 30 ppb TOC, 
most of which is composed 
of low-molecular-weight 
carbon compounds coming 
off of the ion-exchange 
resin. A negatively charged 
membrane with a low con- 
tact angle should give the 
best TOC reduction (8). NF 
membranes fit this descrip- 
tion and can be used as a 
part of a larger system in the 
final polishing stage after 
ion exchange. To achieve 
the desired level of TOC content, 
however, more than one NF polish- 
ing stage is needed. The membranes 
can contribute to the TOC since they 
arc made of polymers. 

Effluents containing 
heavy metals 

Rinse waters of many metalwork- 
ing and allied industries contain sig- 
nificant amounts of heavy metals 
such as nickel, iron, copper, and 
zinc. To meet disposal regulations, 
these metals are removed by precipi- 
tating them out of waste streams as 
hydroxides; NF can clean up these 
streams, recovering up to 90% of the 
. effluent as pure water, while simulta- 
neously concentrating the heavy 
metals tenfold. The recovered metals 
can be reused (6). 

Under the proper conditions, met- 
als in a solution can also be separated 



70* MARCH 1994 * CHEMICAL ENGlNEEnNG PROGRESS 



EXHIBIT B 
page 3 



